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A  modified  synthesis  process  was  developed  based  on  co-precipitation  method  followed  by  spray  drying 
process.  In  this  process,  a  spherical  shaped  (Coi/3Ni1/3Mn1/3)(OH)2  precursor  was  synthesized  by  co¬ 
precipitation  and  pre-heated  at  500  °C  to  form  a  high  structural  stability  spinel  (CoNiMn)04  to  maintain 
its  shape  for  further  processing.  The  spherical  LiNi1/3Coi/3IVIn1/302  was  then  prepared  by  spray  drying 
process  using  spherical  spinel  (CoNiMn)04.  LiNii/3Coi/3Mni/302  powders  were  then  modified  by  coating 
their  surface  with  a  uniform  and  nano-sized  layer  of  Zr02.  The  Zr02 -coated  LiNi1/3Coi/3Mn1/302  material 
exhibited  an  improved  rate  capability  and  cycling  stability  under  a  high  cut-off  voltage  of  4.5  V.  X-ray 
diffraction  (XRD)  measurements  revealed  that  the  material  had  a  well-ordered  layered  structure  and 
Zr  was  not  doped  into  the  LiNi^Coi/sMn^C^.  Electrochemical  impedance  spectroscopy  measurements 
showed  that  the  coated  material  has  stable  cell  resistance  regardless  of  cycle  number.  The  interrupt 
charging/discharging  test  indicated  that  the  Zr02  coating  can  suppress  the  polarization  effects  during  the 
charging  and  discharging  process.  From  these  results,  it  is  believed  that  the  improved  cycling  performance 
of  Zr02-coated  LiNi1/3Coi/3Mn1/302  is  attributed  to  the  ability  of  Zr02  layer  in  preventing  direct  contact 
of  the  active  material  with  the  electrolyte  resulting  in  a  decrease  of  electrolyte  decomposition  reactions. 

©  2008  Published  by  Elsevier  B.V. 


1.  Introduction 

Lithium  ion  batteries  have  become  the  state-of-the-art  power 
sources  for  portable  appliances  such  as  notebook  computers,  cel¬ 
lular  phones,  and  digital  cameras  and  also  a  prime  candidate  for 
hybrid  electric  vehicles  (HEVs),  plug-in  hybrid  electric  vehicles 
(PHEVs)  and  electric  vehicles  (EVs)  for  reasons  of  high  energy 
density,  high  power  density,  better  cyclability  and  safety  [1-3]. 
Lithium  transition  metal  oxides  and  their  derivatives,  such  as 
LiCo02,  LiMn204,  LiNiCo02,  LiNii_xCox02  and  so  on  have  been  stud¬ 
ied  extensively  and  they  are  available  commercially  as  4  V  class 
cathode  materials  for  lithium  ion  batteries.  Among  them,  LiCo02 
has  been  used  as  a  major  cathode  material  for  lithium  ion  batter¬ 
ies  since  Sony  Corporation  firstly  introduced  lithium  ion  batteries 
containing  carbon  anode  and  a  LiCo02  cathode  separated  by  non- 
aqueous  electrolyte  in  1990.  Obviously,  it  is  an  excellent  cathode 
material  with  low  irreversible  capacity  loss  and  good  cycling  per¬ 
formance.  The  practical  capacity  of  lithium  ion  battery  has  been 
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increased  gradually  by  intensive  research  for  both  cathode  and 
anode  materials.  The  relatively  high  cost,  concerns  about  the  ther¬ 
mal  stability  of  the  charged  cathode  material  in  electrolyte,  and  the 
lure  of  larger  specific  capacity  has  stimulated  the  study  of  possible 
cathode  materials  for  lithium  ion  batteries. 

Extensive  studies  have  been  carried  out  to  improve  the  per¬ 
formance  of  the  cathode  active  materials  by  cationic  substitution. 
Recently,  manganese  based  layered  compounds  as  cathode  mate¬ 
rials  for  lithium  ion  batteries  are  of  great  interest  and  are 
potential  candidates  to  replace  the  commercial  LiCo02.  These 
include  LiNi1/2Mn1/202  [4,5],  LiNi^Co^Mn^C^  [6-10],  and  its 
derivatives  such  as  LiNixCo1_2xMnx02  (O^x  gl/3)  [11  -13].  The  elec¬ 
trochemical  processes  involve  the  redox  pair  of  Ni2+/Ni4+  with 
two-electron  transfer  in  the  series  of  these  compounds  [5,9,11]. 
Among  them,  LiNi1/3Co1/3Mn1/302  has  been  studied  extensively  as 
promising  cathode  material  for  lithium  ion  batteries.  The  layered 
LiNi1/3Co1/3Mn1/302  has  drawn  much  attention  as  it  exhibits  much 
higher  capacity  of  closer  to  200mAhg_1  with  enhanced  safety 
[14-18].  Electronic  structure  studies  have  shown  that  it  consists  of 
Ni2+,  Mn4+  and  Co3+,  and  reversible  capacity  involves  the  oxidation 
of  Ni2+  to  Ni4+  with  a  two-electron  transfer  during  the  initial  stage 
of  Co3+  to  Co4+  in  the  later  stage  [19-21  ].  Thus  the  higher  capacity  of 
layered  LiNi1/3Co1/3Mn1/302  could  be  due  to  the  improved  chemical 
stability  associated  Ni2+/3+  and  the  Ni3+/4+  redox  couple  compared 
to  Co 3+/4+  redox  couple.  However,  it  has  been  reported  that  the  poor 
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electrochemical  properties  of  layered  LiNi1/3Co1/3Mn1/302  at  high 
voltage  are  due  to  the  polarization  effect  and  the  electrolyte  decom¬ 
position  [22].  Moreover,  even  at  upper  voltage  limits  of  4.4-4.5  V, 
capacity  fading  was  still  observed  upon  cycling.  The  origin  of  this 
capacity  fading  was  mainly  attributed  to  gradual  decaying  of  elec¬ 
troactive  Co  as  reported  by  Shaju  et  al.  [23]. 

An  alternate  approach  to  improve  electrochemical  performance 
is  to  change  the  surface  properties  of  the  cathode  material  by  coat¬ 
ing  its  particle  with  some  metal  oxides  to  avoid  the  unwanted 
reactions  on  the  surface  and  protect  the  bulk.  Recently,  Chen 
and  Dahn  reported  that  the  cycle-life  performance  of  LiCo02  was 
improved  by  a  Zr02  coating  [24].  Similarly,  other  groups  reported 
that  a  metal  oxide  coating  by  a  sol-gel  method  significantly 
improved  the  electrochemical  properties  of  LiCo02  without  signif¬ 
icantly  specific  capacity  loss,  and  that  the  metal  oxide  coating  layer 
acted  as  solid  electrolyte  with  a  reasonable  high  Li  ion  conductivity 
[25-30]. 

In  this  article,  we  show  that  the  developed  synthesis  process 
is  able  to  synthesize  spherical  LiNi1/3Co1/3Mn1/302  active  mate¬ 
rial  and  also  to  coat  a  uniform  Zr02  layer  on  the  synthesized 
active  material.  We  study  the  effect  of  surface  modification  of  the 
LiNi1/3Co1/3Mn1/302  by  Zr02  coating  on  the  electrochemical  per¬ 
formance  at  high-voltage  region.  We  also  investigate  the  possible 
reasons  for  enhanced  electrochemical  performance  by  comparing 
structural  stability  and  impedance  variation  during  cycling  process 
of  pristine  and  Zr02 -coated  spherical  LiNi1/3Co1/3Mn1/302. 

2.  Experimental 

The  Ni-Co-Mn  mixed  hydroxide  powders  were  prepared  by 
co-precipitation  method.  An  aqueous  solution  of  lithium  hydrox¬ 
ide  (LiOH  H20),  nickel  nitrate  (Ni(N03)2-6H20),  cobalt  nitrate 
(Co(N03)2-6H20)  and  manganese  nitrate  (Mn(N03)2-4H20)  was 
stirred  continuously  at  room  temperature.  Simultaneously,  an 
appropriate  amount  of  LiOH  solution  and  the  required  amount 
of  NH4OH  solution  as  a  chelating  agent  were  added  to  the 
above  solution  continuously.  The  co-precipitated  hydroxide  pow¬ 
der  (Co1/3Ni1/3Mn1/3)(OH)2  was  pre-heated  at  500  °C  for  5  h  in  air  to 
form  a  spinel  CoNiMn04.  To  synthesize  LiNi1/3Co1/3Mn1/302  mate¬ 
rial,  a  stoichiometric  amount  of  CoNiMn04  powder  and  LiOH  was 
dispersed  in  ethanol  solution  to  form  a  well-mixed  CoNiMn04/LiOH 
precursor.  The  resulting  precursor  solution  was  dried  to  form  a 
mixed  dry  precursor  via  a  spray-dryer.  The  as-prepared  precursor 
powders  were  ground  and  sintered  at  450  °C  for  6h  and  then  at 
900  °C  for  12  h  to  form  LiNi1/3Co1/3Mn1/302  material.  The  heat¬ 
ing  and  cooling  rate  of  the  heat  treatment  was  2°C/min.  The 
Zr02 -modified  LiNi1/3Co1/3Mn1/302  was  prepared  by  mixing  the 
spherical  LiNi1/3Co1/3Mn1/302  and  Zr(OC3H7)4  in  1-propanol.  The 
entire  process  was  carried  out  under  continuous  stirring  at  room 
temperature.  The  prepared  solution  was  heated  in  a  beaker  in  a 
temperature  range  of  80-90  °C  until  a  transparent  sol  was  obtained. 
The  resulting  precursor  was  sintered  at  450  °C  for  5  h  to  obtain  the 
surface-modified  spherical  LiNi1/3Co1/3Mn1/302. 

The  Li,  Co,  Ni  and  Mn  contents  in  the  resulting  materials 
were  analyzed  using  an  inductively  coupled  plasma/atomic  emis¬ 
sion  spectrometer  (ICP/AES,  Kontron  S-35).  The  phase  purity 
was  verified  from  powder  X-ray  diffraction  measurements  (XRD, 
Rigaku  D/max-b)  using  Cu  Ka  radiation.  The  particle  morphology 
of  the  powders  after  calcination  was  obtained  using  a  scan¬ 
ning  electron  microscopy  (SEM,  Hitachi  S-4100).  Electrochemical 
characterization  was  carried  out  with  a  coin-type  cell.  The  syn¬ 
thesized  LiNi1/3Co1/3Mn1/302  cathode  was  prepared  by  mixing  an 
85:3.5:1.5:10  (w/w)  ratio  of  active  materials,  carbon  black,  KS6 
graphite  and  polyvinylidene  fluoride  binder,  respectively,  in  N- 
methyl  pyrrolidinone.  The  resulting  paste  was  cast  on  an  aluminum 
current  collector.  The  entire  assembly  was  dried  under  vacuum 
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Fig.  1.  XRD  patterns  of  spherical  (a)  LiNi1/3Coi/3Mn1/302  and  (b)  Zr02-coated 
LiNii/3Coi/3Mni/302. 


overnight  and  then  heated  in  an  oven  at  120  °C  for  2  h.  Lithium  metal 
(FMC)  was  used  as  an  anode  and  a  polypropylene  separator  was 
used  to  separate  the  anode  and  the  cathode.  1.0  M  LiPF6  dissolved 
in  a  1 :1  mixture  of  ethylene  carbonate  (EC)/diethyl  carbonate  (DEC) 
was  used  as  an  electrolyte.  The  cells  were  assembled  in  an  argon- 
filled  dry  box  where  both  the  moisture  and  oxygen  contents  were 
less  than  1  ppm. 

3.  Results  and  discussion 

The  XRD  patterns  of  the  spherical  LiNi1/3Co1/3Mn1/302  and 
Zr02-coated  LiNi1/3Co1/3Mn1/302  are  presented  in  Fig.  la  and  b, 
respectively.  All  the  diffraction  peaks  can  be  indexed  as  a  layered 
oxide  structure  based  on  a  hexagonal  a-NaFe02  structure  (space 
group  R3m).  No  impurities  and  secondary  phases  are  observed  in 
this  figure.  The  structure  has  Li  ions  at  the  3a,  the  transition  metal 
ions  (M  =  Co,  Ni,  Mn)  at  3b  and  O  ions  at  6c  sites.  Due  to  the  sim¬ 
ilarity  of  the  ionic  radii  of  Ni2+  (0.69  A)  and  Li+  (0.76  A),  a  partial 
interchange  of  occupancy  of  Li  and  nickel  ions  among  the  sites 
(i.e.  Li  in  3b  and  Ni  in  3a  sites)  are  expected  and  that  would  give 
rise  to  disordering  in  the  structure  called  ‘cation  mixing’  [24].  It 
has  been  established  that  cation  mixing  is  known  to  deteriorate 
the  electrochemical  performance  of  the  above-layered  compounds. 
The  integrated  intensity  ratio  of  the  (0  03)  to  (1  04)  lines  (R)  in  the 
XRD  patterns  was  shown  to  be  a  measurement  of  the  cation  mixing 
and  a  value  of  R<1.2  is  an  indication  of  undesirable  cation  mix¬ 
ing  [24].  The  oxygen  sublattice  in  the  a-NaFe02  type  structure  is 
considered  as  distorted  from  the  fee  array  in  the  direction  of  hexag¬ 
onal  c-axis  [25,26].  This  distortion  gives  rise  to  a  splitting  of  the 
lines  assigned  to  the  Miller  indices  (0  0  6, 1  0  2)  and  (1  0  8, 1 1  0)  in 
the  XRD  patterns  and  these  are  characteristic  to  the  layer  struc¬ 
ture.  The  lattice  parameters  of  spherical  LiNi1/3Co1/3Mn1/302  and 
Zr02-coated  LiNi1/3Co1/3Mn1/302  materials  were  calculated  by  the 
Rietveld  refinement  and  the  results  were  summarized  in  Table  1.  It 
is  clear  that  there  is  no  significant  difference  in  the  crystal  struc- 


Table  1 

Structural  parameters  of  spherical  LiNi1/3Coi/3Mn1/302  and  Zr02 -coated 
LiNii/3Coi/3Mni/302. 


Materials 

a  (A) 

C(  A) 

c/a 

7(003)/7(l  04) 

Grain  size 
(nm) 

LiNii/3Coi/3Mni/302 

2.882 

14.38 

4.99 

1.367 

54.7 

Zr02-coated  LiNi1/3Coi/3Mn1/302 

2.875 

14.32 

4.98 

1.365 

56.8 
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Fig.  2.  SEM  images  of  spherical  LiNii/3Coi/3Mn1/302  at  different  magnifications:  (a) 
2000x  and  (b)  10,000x. 


ture  ofLiNi1/3Co1/3Mn1/302  after  coated  with  Zr02  as  can  be  seen 
in  Fig.  1  and  Table  1.  This  result  suggests  that  Zr  is  not  doped  in 
the  LiNi1/3Co1/3lVIn1/302  because  the  coated  amount  is  very  small 
and  the  coating  thickness  is  less  than  25  nm.  This  is  confirmed  by 
TEM  measurements  and  will  be  shown  later  in  this  work.  In  fact,  the 
lattice  parameter  “a”  is  related  to  average  metal-oxygen  distance 
and  if  this  distance  is  changed  significantly,  it  clearly  indicates  that 
foreign  ions  should  be  doped  into  the  crystal  structure  of  parent 
material.  Hence,  in  this  work,  it  is  believed  that  Zr02  is  coated  only 
on  the  surface  of  LiNi1/3Co1/3Mn1/302  as  a  very  thin  layer.  Clear 
splitting  of  (006)/(l  02)  and  (1  0  8)/(l  1  0)  peak  pairs  in  the  XRD 
pattern  and  the  c/a  ratio  (4.99  and  4.98)  well  above  that  required 
for  distortion  of  oxygen  lattice  which  reveal  that  the  layered  struc¬ 
ture  is  formed  [26].  The  ratio  of  the  intensities  of  the  (0  03)  and 
(104)  peaks  are  1.367  and  1.365,  well  above  the  values  reported  for 
compounds  like  LiNii_xCox02  and  LiNi02  to  deliver  good  electro¬ 
chemical  performance  [23,26]. 

In  order  to  observe  morphology  of  the  spheri¬ 
cal  LiNi1/3Co1/3  Mn!/302  and  Zr02-modified  spherical 
LiNi1/3Co1/3Mn1/302  materials,  SEM  and  TEM  measurements 
were  carried  out  at  different  magnifications.  Scanning  electron 
micrographs  of  pristine  and  coated  materials  were  given  in 
Fig.  2.  Fig.  2a  and  b  shows  the  micro  morphologies  of  spherical 
LiNi1/3Co1/3Mn1/302  materials  in  various  magnifications,  respec¬ 
tively.  Generally,  excellent  rate  capability  can  be  achieved  from 


particles  with  small  particle  (high  surface  area)  size  but  the  tap 
density  would  be  low.  High  tap  density  is  one  of  the  important 
requirements  for  the  cathode  materials  because  it  influences 
the  volumetric  capacity  of  the  commercial  lithium  ion  batteries. 
However,  as  can  be  seen  in  Fig.  2a,  the  primary  particle  size  is  about 
200-300  nm  in  diameter  and  these  small  particles  aggregated  each 
other  to  form  micro-sized  spherical  secondary  particles.  Hence, 
one  can  achieve  both  high  rate  capability  and  high  tap  density 
from  the  particles  having  the  spherical  morphology  as  shown 
in  Fig.  2.  Fig.  3  shows  TEM  images  of  the  synthesized  spherical 
LiNi1/3Co1/3Mn1/302  before  and  after  coated  with  Zr02.  Fig.  3a 
shows  that  the  uncoated  LiNi1/3Co1/3Mn1/302  has  a  smooth  edge 
line  without  any  layer  on  the  surface.  The  newly  formed  coating 
layer  on  the  surface  of  the  Zr02 -coated  LiNi1/3Co1/3Mn1/302  parti¬ 
cles  is  clearly  seen  in  Fig.  3b.  The  thickness  of  the  Zr02-coated  layer 
on  the  surface  of  spherical  LiNi1/3Co1/3Mn1/302  is  estimated  to  be 
10-25  nm  in  diameter.  From  the  TEM  images,  it  appears  that  Zr02 
coating  is  rough  and  porous  so  we  believe  such  a  coating  could 
reduce  the  direct  contact  between  electrode  and  the  electrolyte. 
Thus,  it  is  reasonable  to  assume  that  the  LiNi1/3Co1/3Mn1/302 
surface  coated  with  porous  Zr02  coating  layer  would  be  suitable 
for  Li+  ion  diffusion. 

The  electrochemical  cycling  performance  was  examined 
between  3.0  and  4.5  V  at  different  C-rates  at  room  temperature 
under  same  charge  and  discharge  conditions.  The  cycling  perfor¬ 
mances  of  the  pristine  and  Zr02 -coated  LiNi1/3Co1/3Mn1/302  at 
different  C-rates  are  presented  in  Fig.  4.  The  initial  capacity  of  pris¬ 
tine  material  shows  somewhat  lower  capacity  than  that  of  coated 
one  at  all  the  C-rates.  On  the  other  hand,  pristine  cathode  mate¬ 
rial  exhibits  rapid  capacity  loss  as  the  cycling  rate  increases,  in 
agreement  with  the  previous  reports  [27,28]  whereas  the  capac¬ 
ity  retention  of  the  Zr02 -coated  cathode  material  was  significantly 
improved  at  various  C-rates.  As  shown  in  Fig.  4,  the  capacity  of 
Zr02-coated  material  was  161  and  139  mAhg-1  at  0.1  and  1  C-rates, 
respectively,  after  40  cycles.  These  results  suggest  that  the  Zr02 
coating  on  the  spherical  LiNi1/3Co1/3Mn1/302  is  very  effective  in 
enhancing  the  electrochemical  performance  with  respect  to  C-rate 
and  capacity  retention.  In  order  to  find  whether  the  Zr02  coat¬ 
ing  still  exists  on  the  spherical  LiNi1/3Co1/3Mn1/302  material,  TEM 
measurements  were  carried  out  after  several  charge  and  discharge 
cycling.  Fig.  5a  and  b  show  the  TEM  images  of  Zr02 -coated  spherical 
LiNi1/3Co1/3Mn1/302  after  cycling  at  lower  and  higher  magnifica¬ 
tions,  respectively.  As  seen  in  these  figures,  it  is  clear  that  the 
Zr02-coated  LiNi1/3Co1/3Mn1/302  material  still  maintained  its  Zr02 
coating,  leading  to  relatively  higher  capacity  retention  as  shown  in 
Fig.  4.  In  general,  all  the  electrochemical  reactions  take  place  on 
the  surface  of  the  electrodes  for  which  the  electrode  must  be  in 
contact  with  electrolyte.  Hence,  according  to  the  results  obtained 
in  this  work,  coating  of  Zr02  is  effective  in  preventing  direct  con¬ 
tact  of  the  active  material  with  the  electrolyte  solution  resulting 
in  a  decrease  of  electrolyte  decomposition  reactions.  It  is  known 
that  commercial  LiPF6 -based  lithium  battery  electrolytes  always 
contain  a  trace  amount  of  water.  It  has  been  established  that  the 
LiPF6  can  be  reacted  with  traces  of  water  and  produce  a  very  reac¬ 
tive  HF  species.  Since  Zr02  particle  has  a  negative  zeta  potential 
and  basic  surface  (pH  >  7)  [31  ]  it  can  then  scavenge  and  neutralize 
any  unwanted  acidic  HF  species  present  in  electrolyte  solution  and 
thus  preventing  the  active  material  from  HF  attack.  Zr02  may  also 
lower  the  activity  of  oxygen  in  providing  strong  Zr-0  bonds  at  the 
active  materials  surface  leading  to  an  improved  cycling  stability  of 
Zr02-coated  active  layered  oxide  materials  [32]. 

In  order  to  further  understand  the  effect  of  the  improvement 
of  cycling  behavior,  the  interrupt  test  was  used  to  investigate  the 
polarization  effects  in  the  charging  and  discharging  process  of  each 
sample.  Fig.  6  shows  the  potential  gap  between  polarized  potential 
and  equilibrium  potential  of  pristine  and  coated  sample  at  charg- 
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(a)  (b) 

Fig.  3.  TEM  images  of  spherical  (a)  LiNi1/3Coi/3Mn1/302  and  (b)  Zr02-coated  LiNi1/3Coi/3Mn1/302. 


(b)  190-" 
180- 
170- 
160- 
O)  150- 
140- 
130- 
120- 
&  110- 
100  ^ 
90- 
80- 
70- 
60- 
50- 
40- 
30  -1 
20- 
10- 
0- 


< 

£ 


o 

ro 

Q. 

ro 

o 


o 

<D 

Q. 

CO 


ILIUM  nm-nimm 


Zr02-LiCo  Ni  Mn  O 

1/3  1/3  1/3  2 

-■-01C 
— 02C 
a  03C 
05C 
1C 


— I — 
10 


— I — 
20 


— i — 

30 


— I — 

40 


50 


Cycle  number 


Fig.  4.  Cycling  performance  of  spherical  (a)  LiNi1/3Coi/3Mn1/302  and  (b)  Zr02-coated 
LiNi1/3Coi/3Mn1/302  at  various  C-rates  between  3.0  and  4.5  V. 


ing  and  discharging  step.  This  potential  gap  might  induce  by  both  IR 
and  the  concentration  of  polarized  Li+  ions  within  the  chosen  time 
interval.  The  polarization  of  pristine  LiNi^Co^Mn^C^  may  be 
due  to  the  extended  reaction  with  the  electrolyte  and  that  can  be 
the  origin  of  the  differences  in  the  cell  voltage  during  cell  charge  and 
discharge.  As  a  result,  the  products  of  electrolyte  degradation  hin¬ 
der  fast  lithium  diffusion  at  the  electrode-electrolyte  interface.  On 
the  contrary,  the  polarization  of  Zr02 -coated  LiNi^Co^Mn^C^ 
is  significantly  reduced  during  charge  and  discharging  process. 

Impedance  measurements  were  carried  out  at  fully  charged 
state  (4.5  V)  from  2nd  cycle  to  40th  cycle  for  the  pristine  and 
Zr02-coated  LiNi1/3Co1/3Mn1/302  to  provide  more  information  for 
the  improved  electrochemical  performance.  Since  the  polarization 
effect  depends  on  the  C-rate,  the  resistance  of  the  cells  made  by 
pristine  and  Zr02 -coated  LiNi1/3Co1/3Mn1/302  materials  was  mea¬ 
sured  at  various  C-rates  and  the  results  are  shown  in  Fig.  7a  and 
b,  respectively.  As  shown  in  this  figure,  one  can  see  a  great  differ¬ 
ence  in  cell  resistance  between  pristine  and  coated  material.  The 
impedance  of  the  pristine  material  increases  drastically  with  cycle 
number  at  all  the  C-rates  starting  from  0.1  C  to  1 C.  Quantitatively,  the 
impedance  of  the  material  at  2nd  and  40th  cycle  at  0.2C  was  ~160  £2 
and  ~1100  £2,  respectively.  However,  the  increase  in  the  impedance 
of  the  Zr02 -coated  material  is  relatively  very  low  from  2nd  cycle 
to  40th  cycle.  The  range  of  impedance  variation  for  Zr02 -coated 
material  from  2nd  cycle  to  40th  cycle  is  70-210  £2  which  is  signifi¬ 
cantly  lower  than  that  of  pristine  material.  The  difference  in  the  cell 
impedance  between  coated  and  uncoated  material  after  40  cycles 
is  about  5  times.  It  is  quite  interesting  to  note  that  a  thin  coating  of 
Zr02  on  the  active  LiNi1/3Co1/3Mn1/302  material  as  shown  in  TEM 
image  in  Fig.  3b,  obviously  enhanced  the  kinetics  of  lithium  interca¬ 
lation  and  the  conductivity  of  the  coated  material  was  not  affected 
significantly  even  after  cycling.  This  result  shows  that  the  improved 
electrochemical  performances  of  Zr02-coated  LiNi1/3Co1/3Mn1/302 
material  would  be  related  with  the  lower  impedance  of  coated 
active  material  which  in  turn  is  related  with  the  thickness  of  the 
coating  layer.  From  the  results  obtained  from  impedance  measure¬ 
ments,  it  is  clear  that  the  diffusion  coefficient  of  lithium  ions  is 
substantially  improved  by  Zr02  coating  on  the  active  material  dur¬ 
ing  insertion  and  deinsertion  reactions  [29]. 

The  thermal  stability  of  the  pristine  and  Zr02 -coated 
LiNi1/3Co1/3Mn1/302  electrodes  was  measured  at  4.5  V  vs.  Li 
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(a) 


(b) 


Fig.  5.  TEM  images  of  spherical  Zr02-coated  LiNi1/3Coi/3Mn1/302  after  charge  and  discharge  cycling:  (a)  lower  magnification  and  (b)  higher  magnification. 


using  differential  thermal  calorimetry  (DSC)  and  the  DSC  curves 
are  shown  in  Fig.  8.  It  is  seen  that  the  on-set  temperature  Zr02- 
coated  active  material  is  close  or  a  little  lower  than  that  of  pristine. 
This  might  be  due  to  the  different  state  of  charge  between  Zr02 
coated  and  uncoated  LiNi^Co^Mn^C^  material.  Since  Zr02- 
coated  material  shows  lower  impedance  than  pristine  material 


(Fig.  7),  more  Li+  ions  are  extracted  from  the  Zr02 -coated  mate¬ 
rial,  resulting  in  a  little  lower  on-set  temperature  than  pristine 
material.  Flowever,  the  heat  amount  associated  with  exothermic 
peak  was  reduced  by  Zr02  coating.  The  amount  of  heat  generated 
for  pristine  and  Zr02-coated  LiNi^Co^Mn^C^  was  318.5  and 
287.3  J  g-1 ,  respectively.  Even  though  a  small  amount  of  Zr  is  on  the 
surface  of  the  LiNi^Coi^ Mn^C^  electrode,  it  could  introduce 
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Fig.  6.  The  potential  gap  between  polarized  potential  and  equilibrium  potential 
vs.  potential  of  spherical  LiNi1/3Co1/3Mn1/302  and  Zr02-coated  LiNi1/3Coi/3Mn1/302 
during  (a)  charging  process  and  (b)  discharging  process. 
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Fig.  8.  DSC  profiles  of  pristine  and  Zr02 -coated  LiNi1/3Coi/3Mn1/302  after  charging 
to  4.5  V. 

strong  Zr-0  bonds  on  the  surface  to  lower  the  oxygen  activity 
[32].  It  is  believed  that  this  might  be  the  possible  reason  why  the 
amount  of  heat  released  from  Zr02-coated  electrode  is  lower  than 
uncoated  one.  This  result  clearly  suggests  that  the  Zr02  coating 
on  LiNi1/3Co1/3Mn1/302  protects  the  surface  of  the  active  material 
and  suppresses  the  generation  of  oxygen  significantly  and  thus 
improves  the  thermal  stability. 

The  formation  of  the  surface  film  is  known  to  play  a  decisive 
role  in  the  performance  of  the  electrodes  in  Li  ion  cells.  A  mass 
deposition  of  the  surface  film  on  the  electrode  surface  may  end 
up  as  destructive  film,  which  would  decrease  the  electrode  kinet¬ 
ics  and  hence  its  performance.  The  results  of  this  work  show  that 
the  deterioration  in  the  electrochemical  performance  of  the  pris¬ 
tine  LiNi1/3Co1/3Mn1/302  during  repeated  charge/discharge  cycling 
is  associated  with  the  increase  in  resistance.  The  Zr02-coated 
LiNi1/3Co1/3Mn1/302  shows  a  lower  cell  resistance  and  excellent 
cycling  performance  when  compared  to  pristine  material  and  this 
may  be  due  to  the  stable  and  minimal  Zr02  surface  film. 

4.  Conclusions 

In  this  study,  a  Zr02 -coated  spherical  LiNi1/3Co1/3Mn1/302 
synthesized  by  a  modified  process,  namely,  co-precipitation 
method  followed  by  spray  drying  process.  Transmission  electron 
microscopy  analysis  revealed  that  the  thickness  of  the  coated 
layer  was  10-25  nm  and  was  not  diffused  into  the  active  materi¬ 
als.  Electrochemical  performances  showed  that  the  Zr02  coating 
was  effective  in  improving  the  rate  capability  and  cycling  perfor¬ 
mance  at  a  high  cut-off  voltage  of  4.5  V.  From  the  electrochemical 
impedance  spectroscopy  experiments,  it  was  found  that  a  sig¬ 
nificant  improvement  in  the  cycling  stability  was  due  to  the 
suppression  of  impedance  growth  during  charge  and  discharge 


cycling.  From  these  results,  the  reason  for  the  improved  per¬ 
formance  of  Zr02-coated  spherical  LiNi1/3Co1/3Mn1/302  could  be 
attributed  to  the  ability  of  Zr02  to  scavenge  the  HF  species  which 
is  always  present  in  trace  amounts  in  the  conventional  lithium  bat¬ 
tery  electrolytes.  Thus,  Zr02  coating  protects  the  surface  of  the 
active  material  from  HF  attack  and  reduces  the  decomposition  reac¬ 
tions  significantly.  Therefore,  it  can  be  concluded  that  a  nano-sized 
Zr02  layer  does  not  disturb  the  insertion  and  deinsertion  reactions 
of  lithium  ionic  species  at  the  interface  between  active  spher¬ 
ical  LiNi1/3Co1/3Mn1/302  and  the  electrolyte  and  it  significantly 
improves  the  cycling  stability. 
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